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Abstract
Background: Nickel ferrite, a kind of soft magnetic materials is one of the most attracting class of materials due to
its interesting and important properties and has many technical applications, such as in catalysis, sensors and so
on. In this paper the synthesis of NiFe2O4 nanoparticles by the hydrothermal method is reported and the inhibition
of surfactant (Glycerol or Sodium dodecyl sulfate) on the particles growth is investigated.
Methods: For investigation of the inhibition effect of surfactant on NiFe2O4 particles growth, the samples were
prepared in presence of Glycerol and Sodium dodecyl sulfate. The X-ray powder diffraction (XRD), transmission
electron microscopy (TEM), Fourier transform infrared spectroscopy (FT-IR), vibrating sample magnetometer (VSM)
and inductively coupled plasma atomic emission spectrometer (ICP-AES) techniques were used to characterize the
samples.
Results: The results of XRD and ICP-AES show that the products were pure NiFe2O4 and also nanoparticles grow
with increasing the temperature, while surfactant prevents the particle growth under the same condition. The
average particle size was determined from the Scherrer’s equation and TEM micrographs and found to be in the
range of 50-60 nm that decreased up to 10-15 nm in presence of surfactant. The FT-IR results show two absorption
bands near to 603 and 490 cm
-1 for the tetrahedral and octahedral sites respectively. Furthermore, the saturated
magnetization and coercivity of NiFe2O4 nanoparticles were in the range of 39.60 emu/g and 15.67 Qe that
decreased for samples prepared in presence of surfactant. As well as, the nanoparticles exhibited a
superparamagnetic behavior at room temperature.
Conclusions: Nanosized nickel ferrite particles were synthesized with and without surfactant assisted hydrothermal
methods. The results show that with increasing of temperature, the crystallinity of nanoparticles is increased. In the
presence of surfactants, the crystallinity of NiFe2O4 nanoparticles decreased in comparison with surfactant- free
prepared samples. All of the nickel ferrite nanoparticles were superparamagnetic at room temperature.
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Introduction
Nanosized spinel ferrite particles, a kind of soft mag-
netic materials with structural formula of MFe2O4 (M =
divalent metal ion, e.g. Mn, Mg, Zn, Ni, Co, Cu, etc.),
are one of the most attracting class of materials due to
their interesting and important properties such as low
melting point, high specific heating, large expansion
coefficient, low saturation magnetic moment and low
magnetic transition temperature, etc.[1,2]. Because of
these properties, the spinel ferrites have many technical
applications, such as in photoelectric devices [3] cataly-
sis [4], sensors [5], nano devices [6], microwave devices
[7,8] and magnetic pigments [9].
Remarkable electrical and magnetic properties of fer-
rites depend upon the nature of the ions, their charges
and their distribution among tetrahedral (A) and octahe-
dral (B) sites [10]. Nickel ferrite is one of the versatile
and technologically important soft ferrite materials
because of its typical ferromagnetic properties, low con-
ductivity and thus lower eddy current losses, high elec-
trochemical stability, catalytic behavior, abundance in
nature, etc[8]. This ferrite is an inverse spinel in which
eight units of NiFe2O4 go into a unit cell of the spinel
structure. Half of the ferric ions preferentially fill the
tetrahedral sites (A-sites) and the others occupy the
octahedral sites (B-sites) [11]. Thus the compound can
be represented by the formula (Fe
3+) A [Ni
2+Fe
3+]BO4
2-
[12]. The synthesis of spinel ferrite nanoparticles has
been intensively studied in the recent years and the
principal role of the preparation conditions on the mor-
phological and structural features of the ferrites is dis-
cussed [13-16]. Large-scale applications of ferrites with
small particles and tailoring of specific properties have
prompted the development of widely used chemical
methods, including hydrothermal [10], sonochemical
reactions [17], sol-gel methods[18], microwave plasma
[19], co-precipitation [20], microemulsion methods [21],
citrate precursor techniques [22] and mechanical alloy-
ing [23] for the fabrication of stoichiometric and chemi-
cally pure spinel ferrite nanoparticles. The hydrothermal
route is one of the most commonly used techniques
owing to its economics and high degree of composi-
tional control. In addition, the hydrothermal synthesis
does not require extremely high-processing temperature
or sophisticated processing. For example, ferrites can be
prepared via the hydrothermal route at a temperature of
~150°C, whereas the solid state method requires a tem-
perature of 800°C [10].
In this work, nano crystalline nickel ferrite, NiFe2O4,
was successfully prepared via reaction between metal
chlorides in ethylacetate solution with and without sur-
factant assisted processes. Investigations on the particle
size, morphology and magnetic properties of inverse spi-
n e ln i c k e lf e r r i t ei na td i f f erent conditions are carried
out by the XRD, FT-IR, TEM, ICP-AES and VSM
techniques.
Results and discussion
FT-IR analysis
Figure 1(a-c) shows the FT- IR absorption spectra of
nanocrystalline NiFe2O4 samples prepared without and
with surfactant-assisted methods (Glyserole and Sodium
dodecyl sulfate) which were recorded in the range of
400-4000 cm
-1. On the bases of literature data, in the
range of 1000-100 cm
-1, the FT-IR bands of solids are
usually assigned to vibration of ions in the crystal lattice
[10,24]. In all spinels and particularly in ferrites, two
main broad metal oxygen bands are seen in the FT-IR
spectra. Therefore the highest one, observed at ν1 =6 0 3
cm
-1 (Figure 1a), corresponds to intrinsic stretching
vibrations of the metal at the tetrahedral site, (Mtetra-O),
whereas the lowest band, that observed at ν2 = 490 cm
-1
is assigned to octahedral metal stretching vibration
(Mocta-O) [24]. Figure 1(b-c), shows a difference in the
positions and area of ν1 and ν2 absorptions bands, that
may be due to the changed conditions of formation of
samples by surfactant assisted process. Because, the
positions and intensities of the bands depends strongly
on the methods and conditions of preparation [12,25].
Structural analysis
The X-ray diffraction patterns of the prepared samples
are shown in Figure 2(a-g).
Figure 1 FT- IR spectra of NiFe2O4 nanoparticles prepared (a)
without surfactant,(b) Glycerol-assisted and (c) Sodium
dodecyle sulfate assisted methods.
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tant at 45 and 80°C, consisted of amorphous solids
which have not been detected by XRD technique. This
may be related to the formation of amorphous state of
nickel, iron oxides and or NiFe2O4 nanoparticles. Weak
diffraction peaks in the samples (c) and (d), prepared
w i t h o u ts u r f a c t a n ta t1 0 0a n d1 3 0 ° C ,w e r ea t t r i b u t e dt o
the effect of increasing of temperature on the improve-
ment of crystalline properties of amorphous nickel fer-
rite and also the conversion of some Ni and Fe oxides
to produce nickel ferrite crystallites. Increasing of tem-
perature up to 150°C led to the formation of well crys-
talline nickel ferrite (sample e). As Figure 2 shows, in
the presence of surfactants (glycerol and sodium dodecyl
sulfate) at 150°C in samples (f) and (g), crystallinity of
NiFe2O4 nanoparticles was decreased in comparison
with surfactant- free prepared samples [26].
In the case of sample (g), prepared by sodium dodecyl
solfate assisted method, some impurities were observed.
The XRD patterns of samples (c-g) exhibited the reflec-
tion plans (220), (311), (222), (400), (422), (511) and
(440) that indicate the spinel cubic structure [10,27-30].
The XRD patterns of the standard NiFe2O4 from JCPDS
No. 10-325 has been presented in Figure 2. The average
crystallite size was calculated from the most intense
peak (311) using the Scherrer’s formula:
D=k λ/βcosθ,
where, D is the average crystalline size, k the Scherrer
constant (0.89), l the X-ray wavelength used, b the
angular linewidth of half maximum intensity and θ is
the Bragg’s angle in degrees unit. The results are shown
in Table 1.
Table 1 shows that with increase in the temperature
from 100°C to 150°C in samples (c-e), the average size
of NiFe2O4 nanoparticles also increases that can be
attributed to the temperature assists crystal growth and/
or the redistribution of cations among octahedral and
tetrahedral sites [12]. Additionally, Figure 2 shows that
in the presence of surfactant about samples (f and g),
diffraction peak (311) is broad and therefore smaller
NiFe2O4 nanoparticles are formed. This fact may be due
to the role of surfactants in the decrease of the agglom-
eration of particles [31]. From the ICP-AES result, the
atomic ratio of Ni- Fe is 0.49, which is close to that of
NiFe2O4.
Morphology and microstructure
In order to investigate the morphology and particle size
of products, the TEM images of samples (e-g), were
obtained and are shown in Figure 3(a-c). From the TEM
micrographs, it is clear that the nanoparticles obtained
without surfactant are cubic-like but are not uniform
(Figure 3a). On the other hand, in the presence of sur-
factant, the samples are sphere-like and uniform in both
morphology and particle size (Figure 3b and 3c). Aver-
age grain-size obtained from TEM image of sample (e)
is approximately 60 nm, which is in good agreement
with the size determination by Scherrer equation from
XRD patterns. In the cases of samples (f) and (g), the
average size obtained were about 10-15 nm.
Magnetic properties
Figure 4(a and 4b) shows the hysteresis loops obtained
from VSM measurements for surfactant- assisted pre-
pared NiFe2O4 nano particles (samples f and g) at room
temperature. The magnetic properties of the NiFe2O4
with an inverse spinel structure can be explained in
terms of the cations distribution and magnetization ori-
ginates from Fe
3+ ions at both tetrahedral and octahe-
dral sites and Ni
2+ ions in octahedral sites [32,33].
Hysteresis loops in Figure 4(a and 4b) are typical for
soft magnetic materials and the “S” shape of the curves
together with the negligible coercivity (Hc =0 . 6 0a n d
0.64Qe) indicate the presence of small magnetic particles
exhibiting superparamagnetic behaviors [34]. In super-
paramagnetic materials, responsiveness to an applied
magnetic field without retaining any magnetism after
removal of the magnetic field is observed. This behavior
is an important property for magnetic targeting carriers
Figure 2 The X-ray diffraction patterns of the samples of the
NiFe2O4 (a) at 45°C, (b) at 80°C, (c) at 100°C, (d) at 130°C, (e) at
150°C, (f) at 150°C with glycerol, (g)at 150°C with sodium
dodecyl sulfate.
Table 1 The crystallite size (D) of the NiFe2O4 present in
the samples (c-g)
sample temperature (°C) D (nm)
c 100 30
d 130 39
e 150 53
f 150 13
g 150 12
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superparamagnetism fabricates in the particle size. Lit-
erature data imply that when the diameter of particles is
less than 30 nm, the particles show the character of
superparamagnetism [34,36]. Figure 5 shows the mag-
netic hysteresis loop for NiFe2O4 sample (e), prepared
without surfactant. The curve is “S” shape with low
coercivity (15.67 Oe). This sample showed superpara-
magnetic behavior. The saturation magnetization (Ms)
and the coercivity (Hc) values of products, are listed in
Table 2.
It is obvious from Table 2 that: (a)t h ev a l u e so f
saturation magnetization for NiFe2O4 nanoparticles are
significantly lower than the multidomain bulk particles
(55 emu/g). Smit and Wijn have reported Ms equal to
50 emu/g for bulk nickel ferrite particles [37]. Nathani
and Misra have measured Ms equal to 25 emu/g for
NiFe2O4 nanoparticles with size 8 nm [38]. (b)T h e
amounts of Ms and Hc for samples (g and f) are equal
to 34.45-35.10 emu/g and 0.60-0.64Oe respectively,
which increase to 39.60 emu/g and 15.67 Qe for sample
(e). In fact, the magnetic behavior of nickel ferrite nano-
particles is very sensitive to the crystallinity and particle
size. The increase in saturation magnetization was most
likely attributed to the increasing of crystallinity and
particle size of the samples [39] and can be explained
on the basis of changes in exchange interactions
between tetrahedral and octahedral sub-lattices[40]. In
case of nickel ferrite, any configuration of Ni
2+ and Fe
3+
ions in both octahedral and tetrahedral sites, tends to
increase the net magnetization per formula unit [12].
On the other hand, variation of coercivity with particle
size can be explained on the basis of domain structure,
critical diameter, strains, magneto crystalline anisotropy
and shape anisotropy of crystal [39]. Therefore the mag-
netic behavior of nano-size nickel ferrites can be a col-
lective effect of these interactions [41].
Figure 3 The TEM images of (a) sample e, (b) sample f, (c)
sample g.
Figure 4 Hysteresis loop of (a) sample f, (b) sample g.
Figure 5 Hysteresis loop of sample e.
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Nanosized nickel ferrite particles were synthesized with
and without surfactant assisted hydrothermal methods.
The FT-IR spectra showed two characteristic metal oxy-
gen vibrational bands. The average particle size of sam-
ples was in the range of 12-53 nm, as revealed by XRD
and TEM techniques. The temperature rise up to 150°C
led to the increasing of crystallinity of nanoparticles. In
the presence of surfactants, the crystallinity of NiFe2O4
nanoparticles decreased in comparison with surfactant-
free prepared samples. All of the nickel ferrite nanopar-
ticles were superparamagnetic at room temperature.
The saturation magnetization and coercivity values were
found to be low, which attributed to the various para-
meters such as crystallinity and particle size. The satura-
tion magnetization and coercivity were reduced with
decreasing of crystallinity and particle size of
nanoparticles.
Experimental
Materials
NiCl2.6H2O, FeCl3.6H2O, NaOH, Triethyl amine, Ethyl
acetate, Glycerol and Sodium dodecyl sulfate were pur-
chased from Merck chemical company and were used as
received without further purification. The deionized
water used in all experiments, had a conductivity of less
than 10
-6 Scm
-1.
Synthesis
A 0.4 M (25 mL) solution of iron chloride (FeCl3.6H2O)
and a 0.2 M (25 mL) solution of nickel chloride
(NiCl2.6H2O) in double distilled deionized water were
mixed with vigorous stirring. 5 M triethyl amine in ethy-
lacetate solution was used to adjust the pH at 10. The
mixture was heated at different temperatures (45, 80,
100, 130 and 150°C) for 18 h. Hydrothermal synthesis at
100, 130 and 150°C, were carried out in a Teflon-lined
autoclave reactor. The black precipitate was filtered off,
washed with deionized water and dried in a vacuum
oven at 70°C for 3 h. Also we prepared NiFe2O4 nano-
particles via surfactant assisted process. 0.078 M of sur-
factant (Glycerol or Sodium dodecyl sulfate) was
dissolved in 35 mL deionized water and was added to
the solution of salts under vigorous stirring. Adjustment
of pH and other processes were performed as above at
150°C.
Measurements
Infrared spectra were recorded in the range of 400-4000
cm
-1 with a Bruker vector 22 FT-IR spectrometer from
samples in KBr pellets. The structural characterization
was performed using Brucker AXS (model D8 Advance)
X-ray powder diffractometer (Cu Ka radiation source, l
= 0.154 nm) with the Bragg angle ranging from 10-70°
generated at 40 kV and 35 mA at room temperature.
Transmission electron microscopy (TEM) analysis was
performed using Cambridge, stereo scan 360, 1990, 100
kV accelerating voltage. The magnetic measurements
were carried out at room temperature by using a vibrat-
ing sample magnetometer, model VSM, BHV-55, Riken
Japan with a magnetic field up to 8 kQe.I n d u c t i v e l y
coupled plasma atomic emission spectrometer (ICP-
AES) was carried out on a Thermo Fisher Scientific
ICP-IRIS Advantage.
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